Abstract. Actuator failure detection method based on a new Adaptive Extended Set-Membership Filter (AESMF) is proposed for Rotorcraft Unmanned Aerial Vehicle (RUAV). The AEMSF proposed in this paper is based on MIT method to optimize the set boundaries of process noises which may be incorrect in modeling or time-variant in operation; estimation stability and boundaries accuracy can be improved compared to the conventional ESMF. Actuator Healthy Coefficients (AHCs) is introduced into the dynamics of RUAV to denote the actuator failure model. Based on AESMF, online estimation of the AHCs can be obtained along with the flight state. With the estimated AHCs, actuator failure can be detected as soon as possible which provide valuable information for fault tolerant control. Efficiency and improvement of this method compared with other online parameters estimation methods is demonstrated by simulation using ServoHeli-20 model.
Introduction
Rotorcraft Unmanned Aerial Vehicles (RUAV), with the advantage of vertical takeoff and landing, hovering, lateral free moving, can be used in many scenarios where the fix wing unmanned aircrafts are difficult to finish the tasks such as longtime surveillance in a fix point, low altitude flight in urban city for anti-terrorism mission.
To finish the predefined mission, automatic control systems of the vehicles are becoming more and more complex and the control algorithms become more and more sophisticated. Therefore, fault tolerance flight which can be achieved not only by improving the individual reliabilities of the functional units but also by an efficient fault detection, isolation and accommodation (FDIA) concept has attracted many researches around the world. Fault is the malfunction of an actual system either in the sensors or actuators or the components of the system. Analytical methods for fault detection and tolerance control are believed more prospective and favorable compared to the physical redundancy [1] . In this paper, we will mainly focus on the actuator failure detection. Generally we can classify the actuator failure into hard failure and soft failure: hard failure in the sense that the actuator sticks at a certain value regardless of the command; soft failure in the sense that an actuator's performance degrades in quality but is not completely useless.
Fault diagnosis approaches include parameter estimation techniques [2] , expert system applications [3] , kalman filter based algorithms [4] and wavelets transformation based algorithms [5] . In [4] , based on the MIT rule, an adaptive algorithm is developed to update the covariance of process noise by minimizing the cost function. The updated covariance is then fed back into the normal UKF. Such an adaptive mechanism intends to release the dependence of UKF on a prior knowledge of the noise environment and improve the convergence speed and estimation accuracy of normal UKF. In [5] , a wavelet transform algorithm is proposed to detect the sensor failure in each sensor acquisition channel. Generally, these algorithms are mainly based on the Bayes estimation theory which gives the detection result in a probability distribution form and the guaranteed detection result is impossible to obtain. Besides that, most of these algorithms make the assumption that the noise is in a pre-known distribution which is not exactly in many application.
The set-membership filter (SMF), which just makes the unknown but bounded (UBB) noise assumption and describes the true state in a compact feasible set, provides an attractive alternative for fault detection because the bound of prediction state can be attained by using this guaranteed estimation method and the noise assumption is more realistic in real application. SMF was firstly introduced by Scheweppe [7] , he proposed the idea of describing the true state in an ellipsoidal set in the state space and gave the fundamental ellipsoidal set sum and intersection operation principle. Even though there exist many other ways to describe the uncertain set such as ellipsoid, orthotope and paralleltope, the ellipsoid is most widely used because of its less demand of information for representing the feasible set, more insightful for analogizing the covariance, invariance with respect to linear transformations in the sense that an ellipsoid remains an ellipsoid after a linear transformation, convenience of optimization, etc [10] . As to the nonlinear system case, since SMF is based on the linear system model, it can't be used directly. An extended version of set-membership filter (ESMF) was proposed by Scholte and Campbell in [9] [10] to implement SMF in nonlinear system. They linearized the nonlinear system equation around the current prediction state and incorporated the linearization error into the system and measurement noise through the interval analysis method. Besides that, an adaptive strategy for the ESMF coefficients' selection was proposed by Zhou [11] to optimize the compact feasible set and make a balance between the computation complexity and estimation accuracy. However, these algorithms all with the assumption that the system noised bound to be correct, pre-known and unchanged, such assumption won't be satisfied exactly in many applications.
In this paper, a novel adaptive ESMF algorithm is proposed for actuator failure estimation of RUAV. In order to do this, the AHCs are introduced to describe the actuators' failures, and the AESMF is used to estimate both the states and the AHCs in real time. Simulations with the Shenyang Institute of Automation RUAV test-bed SIA-Heli-20 model have been conducted. At last, comparisons with the normal ESMF and MIT-based adaptive ESMF are discussed.
